Nitrite reductase from Escherichia coli K12 requires the presence of NAD+, one of the products of the reduction of NO2-by NADH, for full activity. The effect is observed with both crude extracts and purified enzyme. NAD+ also acts as a product inhibitor at high concentrations, and plots of initial rate against NAD+ concentration are bell-shaped.
The activity of NADH-dependent nitrite reductase (NADH-nitrite oxidoreductase, EC 1.6.6.4) in cellfree extracts of Escherichia coli K12 is sensitive to NAD+, one of the products of the reaction (CornishBowden et al., 1973) . When the rate of oxidation of NADH by NO2-and dissolved O2 is recorded in open cuvettes in the absence of added NAD+, the reaction is initially slow, but accelerates markedly during the first few minutes after mixing. This acceleration also occurs if the enzyme is preincubated with either NADH or NO2-, but it is greatly decreased by preincubation with 0.1 mM-NAD+ and is undetectable when untreated enzyme is added to a reaction mixture containing 10,uM-NAD+.
These preliminary observations suggested that nitrite reductase is activated by its product NAD+. Although this is an unusual phenomenon, it is not unprecedented, as lipoamide dehydrogenase behaves similarly (Massey & Veeger, 1961; Massey, 1963) . We now report experiments designed to delineate the effects of NAD+ and NADH on nitrite reductase activity, using better characterized enzyme (see Coleman et al., 1978) than was available in our preliminary studies. * Present address: Biological Laboratory, University of Kent, Canterbury, Kent CT2 7NY, U.K.
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Materials were as given in the preceding paper (Coleman et al., 1978) and nitrite reductase was purified from E. coli K12 as described there. The first of the two assays described there was used for kinetic experiments with appropriate and obvious modifications to allow the effects of variations in substrate and NAD+ concentrations to be monitored. The parameters V and Km of the Michaelis-Menten equation were estimated by the graphical method of , but the final values given in the present paper were calculated by means of the computer program described by .
NAD+ glycohydrolase (EC 3.2.2.5) was extracted from Neurospora crassa mycelia and partially purified in this laboratory by Miss B. E. Pirog by the procedure of Kaplan (1955) . The stock solution contained about 0.17pkat of NAD+ glycohydrolase/ ml.
Results
Activation ofnitrite reductase by NAD+ Table 1 shows the results of assaying nitrite reductase in the presence and absence of NAD+ glycohydrolase, an enzyme that catalyses the irreversible hydrolysis ofNADI but has no effect on NADH. When NADI glycohydrolase was not present, there was some reaction in the absence of added NADI, but this was increased more than 2-fold by the addition of NADI. However, the bulk of the activity in the absence of NADI can be ascribed to the effects of NADI, which was probably present as an impurity, because it was largely eliminated by the addition of NADI glycohydrolase, and when this enzyme was present, addition of NADI produced no lasting activation of nitrite reductase. These results are similar to those obtained by Massey & Veeger (1961) and Massey (1963) in studies of the NAD+ activation of lipoamide dehydrogenase, and to those obtained with crude extracts of nitrite reductase (Cornish-Bowden et al., 1973) . The capacity of nitrite reductase to be activated by NAD+ increased as it was purified. In crude extracts and partially purified samples the ratio of activities in the presence and in the absence of 1 mM-NAD+ was about 2.5, but after the last stage in the purification procedure (Coleman et al., 1978) it was 5.0.
There was no activation of nitrite reductase when 1 mM-NAD+ was replaced in the enzyme assay by 1 mM-ADP or 1 mM-NADP+, and rates were similar to those observed in the absence of added NAD+. Activation by NAD+ also occurred in the absence of ascorbate and dithiothreitol and was not therefore an artifact of the presence of either of these species.
Product inhibition by NAD+
At high concentrations, NAD+ acted as a product inhibitor of nitrite reductase. At concentrations of NADH up to 0.1 mm, plots of reaction rate against NAD+ were clearly defined bell-shaped curves with maxima at NAD+ concentrations that increased with the NADH concentration ( Fig. 1) . At higher NADH concentrations the behaviour was qualitatively similar to that observed at lower concentrations, but Fig. 2(a) [NADHI [NAD+] (PM) (mM)
Expt. A4 75 0.06 3.90±0.054 (7) x 12.0 0.5 3.90±0.067 (7) Expt. B 7.5 0.06 3.00±0.085 (7) E . 17.0 1.0 3.20±0.177 (7) NO2-cannot be replaced as electron acceptor by sulphite. In the presence of sulphite (2-20mM) but no NO2-, the rate of oxidation of NADH was similar to the blank rate in the absence of any acceptor. Thus nitrite reductase from E. coli K12 cannot act as a sulphite reductase. Moreover, the K'PP for N02-increased only slightly from 5 to 6,UM, in the presence of 100,uM-sulphite. Thus sulphite is a much weaker inhibitor of this enzyme than of nitrite reductase from E. coli B,, for which Kemp & Atkinson (1966) reported a competitive inhibition constant of 30,UM.
Hrydroxylamine as electron acceptor
Nitrite reductase from E. coli K12 also acts as a hydroxylamine reductase with kinetics that are qualitatively similar to those observed with NO2-as substrate. There are, however, substantial numerical differences: the purified enzyme had KaPP -5.3 M for hydroxylamine in the presence of 0.25 mM-NADH and 1 mM-NAD+, 1000 times higher than the value of S,UM observed for NO2-; the V8PP-for hydroxylamine was 5.4 times higher than for NO2-, when assayed with the same volume of the same preparation of purified enzyme. As Kemp & Atkinson (1966) remarked in the context of E. coli B, such results eliminate free hydroxylamine as a possible intermediate in the reduction of NO2-to ammonia, though they permit the occurrence of enzyme-bound hydroxylamine as an intermediate.
The enzyme is again activated by NAD+ when hydroxylamine is reduced, but the amount of activation is much greater than with NO2- (Fig. 3) . With 30mM-hydroxylamine and 0.25 mM-NADH, the maximum rate occurs with 1 mM-NAD+, in the same Additions to cuvette I mM-NAD+ + 2 mM-NaNO2 2mM-NaNO2 1 mM-NAD+ + lOmM-hydroxylamine 10mM-hydroxylamine 1 mM-NAD+ + 2mM-NaNO2+ IOmMhydroxylamine 2mM-NaNO2 + 10mM-hydroxylamine Relative rate  100  21  210  29  120   17 range of concentrations as required for maximum activation in the reduction of NO2-. NO2-and hydroxylamine appear to react at the same site on the enzyme, as they show competitive kinetics with respect to one another. Table 3 shows the rates observed with various combinations of N02-, hydroxylamine and NAD+. In the presence of 1 mM-NAD+, the rate with both 2mM-NO2-and 10mM-hydroxylamine present is much less than with 10mM-hydroxylamine alone, and only slightly higher than with 2mM-NO2-alone. These results are similar to those observed by Cresswell et al. (1965) with leaf extracts from Cucurbita pepo L (vegetable marrow). They found that hydroxylamine reduction was strongly inhibited by NO2-, but that N02-reduction was negligibly affected by hydroxylamine.
Discussion
The results given in the present paper are consistent with the view that enzyme-bound hydroxylamine is an intermediate in the six-electron reduction of NO2-to ammonia by three molecules of NADH, and that reduction of hydroxylamine proceeds via the same intermediate. Although hydroxylamine is a much poorer substrate than NO2-for nitrite reductase, with a VaPP./Kn,PP about 0.5 % that of NO2-, the maximum velocity is about 5 times greater for hydroxylamine.
A minimal kinetic scheme for discussing the N02 and hydroxylamine kinetics is shown in Scheme 1. This makes no attempt to incorporate the involvement of NADH and NAD+, or to define the nature of [NAD+] , and the simplest hypothesis consistent with the data is that NAD+ activation derives solely from this dependence. This accounts for the much more pronounced activation of the hydroxylamine reaction compared with the N02-reaction (Figs. 1 and 3) , because any change in k+3 must affect the rate of reduction of hydroxylamine directly whereas the rate of reduction of NO2-is appreciably affected by variation in k+3 only when k+3 is approximately equal to or smaller than k+2.
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